Abstract One-month continuous in situ potentiometric measurements of redox potential (Eh) were used to investigate the dominant redox processes in the shallow groundwater (i.e., \10 m) of a Holocene aquifer, Aomori City, northern Japan. The Eh values, which were determined using a platinum electrode, were -163, -169 and -173 mV, respectively, for three monitoring campaigns. The temperatures and pH values of shallow groundwater during all three periods were approximately 12°C and 6.6, respectively. Dissolved oxygen and sulfide ion concentrations were not detected. Chemical analyses showed that the shallow groundwater is Na-Fe-HCO 3 type, and contains over 40 mg/L of Fe (the dominant cation) and over 200 mg/L of HCO 3 -(the dominant anion). A good fit was found between measured Eh values and Eh values calculated using thermodynamic data of fine-grained goethite. This suggests that Fe redox system is related to the Eh values of shallow groundwater in the Aomori City aquifer.
Introduction
Redox processes play an important role in the quality of groundwater and affect the mobility and availability of many contaminant species (Borch et al. 2010; Duro et al. 2014; Jung et al. 2015) ; thus, the evaluation of redox conditions in groundwater is very important. The simplest and most useful method for field-based monitoring is electrochemical measurement (oxidation-reduction potential); however, platinum electrode methods present a number of problems: (1) poisoning of the electrode for Eh measurements (Whitfield 1974; Peiffer et al. 1992) ; (2) disequilibrium in redox reactions (Lindberg and Runnells 1984; Stefánsson et al. 2005) ; and (3) mixed potentials resulting from the presence of numerous redox couples in the solution (Morris and Stumm 1967; Power and Ritche 1983; Kumar and Riyazuddin 2012; Meyer et al. 2014) .
In situ (down-hole) long-term monitoring results of oxidation-reduction potential in groundwater systems with a depth of several hundred to several tens of meters suggest that Fe and sulfur redox systems play an important role (Grenthe et al. 1992; Gómez et al. 2006; Auqué et al. 2008; Ioka et al. 2011 ). However, long-term in situ potentiometric groundwater measurements have not been conducted in shallow aquifers (i.e., \10 m), except for wetlands or submerged soils.
Since the 2011 Great Tohoku earthquake (northeast Honshu, Japan), the expansion of renewable energy utilization in Japan has become essential, because renewable energy systems do not produce radioactive waste and reduce CO 2 emissions. Renewable energy sources include solar energy, wind power, low head hydropower, tidal power, biomass energy, and geothermal energy. In particular, the expansion of low-enthalpy shallow geothermal energy systems that use groundwater for heating, cooling, ioka@hirosaki-u.ac.jp and thermal storage in urban areas is required; however, current utilization remains much lower than in other countries.
The Japanese archipelago has a unique combination of geologic, geomorphic, and climatic features (e.g., recent geology, complex geomorphology, and frequently heavy rain; Oguchi et al. 2001) , and as a result, groundwater resources are mainly contained in Quaternary aquifer systems hosted by Tertiary geological units (Machida et al. 2008) . Both megacities and smaller Japanese cities are located on Quaternary aquifer systems (e.g., Tokyo, Osaka, Nagoya, and Aomori); therefore, the utilization of lowenthalpy shallow geothermal energy systems must focus on Quaternary aquifer systems. In particular, in cold and snowy regions (e.g., Aomori), the implementation of aquifer thermal storage in the summer season has been a requirement to meet the demand of underground heat extraction for heating rooms and melting snow in the winter season. However, aquifer thermal storage may promote microbial activity and organic matter decomposition in groundwater (Bonte et al. 2013; Jesußek et al. 2013) ; therefore, redox-related chemical reactions in groundwater may change or increase. Changes in electron donor (e.g., organic carbon, Fe 2? , H 2 S, H 2 ) concentrations may change oxidation-reduction potential in groundwater (e.g., Pedersen 2012). To this end, the monitoring and understanding of oxidation-reduction potential in these aquifer systems are crucial before the implementation of aquifer thermal storage.
Quaternary aquifer systems in Japan are either Holocene or Pleistocene; however, the shallow aquifers (\10 m) serving Japanese megacities and smaller cities are predominantly Holocene. Holocene aquifers are typically several tens of meters in thickness (Umitsu 1994) , and are typically anoxic systems dominated by organic carbon degradation coupled to Fe-oxides and methanogeneous (Postma et al. 2007) .
No previous studies have focused on long-term in situ potentiometric measurements of shallow groundwater in aquifers (\10 m). Moreover, none have examined whether the long-term continuous in situ measured Eh values correspond to the values calculated using thermodynamics data of Fe redox systems (i.e., by ferric oxyhydroxides, such as ferrihydrite, fine-grained goethite, or well-crystallized goethite) in shallow aquifers (\10 m). Thus, the purpose of this study was to monitor in situ measured Eh values in August, September, and October as the most likely planned period of aquifer thermal storage and to investigate whether the Eh values calculated using the thermodynamics data of ferric oxyhydroxides coincide with the measured redox potential of groundwater in shallow aquifers using long-term in situ potentiometric measurements.
Site description
This study focused on a Holocene aquifer serving Aomori City, northern Honshu, Japan (Fig. 1) . This aquifer was selected because the utilization of low-enthalpy shallow geothermal energy systems is needed for snow melting and heating during the winter; thus, understanding and monitoring of groundwater quality are essential. Aomori City has a mean annual precipitation of 1300 mm, an annual mean temperature of 10.4°C, and a maximum snow depth of 1110 mm in the winter season (Japan Meteorological Agency 2016).
The study area is situated on a low-lying coastal plain (the Aomori plain), which is composed of Quaternary alluvial and welded tuff deposits overlying Neogene rocks (Ito 1976; Tomidokoro 1996) . Quaternary deposits in the Aomori plain have a maximum depth of *800 m (Tomidokoro 1996), while surface Holocene deposits have a maximum depth of 10-20 m (Kubo et al. 2006) . The 10-m geological profile of the study plot contains artificial soil, silt with sand, coarse sand with quartz, fine sand, silt with sand, and fine sand with gravel ( Fig. 2) .
The piezometer installed at the study plot is made of polyvinylchloride (PVC) pipe with an inner diameter of 5.08 cm (2 inches). The piezometer screen, through which groundwater passes, is 6.15-8.15 m below ground level (mbgl) and has a 15 % open ratio. The groundwater level in the piezometer varies seasonally from 0.9 to 1.45 mbgl. The piezometer was installed in a plot at an elevation of 1.75 m. The plot lies 1.1 km south of the Mutsu Bay, which is approximately 0 m in elevation, and 4.2 km north of a hill, which is 10 m in elevation. Thus, the study area has a very gentle terrain gradient (0.0019), and shallow groundwater in this area flows very slowly.
Methodology
The monitoring campaign included three discrete time periods in 2012: (1) 30 July to 25 August; (2) 28 August to 27 September; and (3) 30 September to 30 October. Physicochemical groundwater parameters (temperature, pH, dissolved oxygen; DO, and oxidation-reduction potential; ORP) were measured in situ using a multi-probe (model W-22XD, Horiba Ltd. Kyoto, Japan) in the screened intake zone (6.15-8.15 mbgl) of the piezometer.
The accuracy of the multi-probe was ±1.0°C for temperature, ±0.1 for pH, and ±0.2 mg/L for DO. The pH electrode was calibrated with buffer solutions prepared from powder reagents of pH standard solutions (Code No. 150-4 and 150-7, Horiba Ltd. Kyoto, Japan). The DO electrode was calibrated using a standard solution of sodium sulfite , Wako Pure Chemical Industries, Ltd., Osaka, Japan). The ORP electrode was verified against an ORP standard solution made from the powder of an ORP electrode solution (Code No. 160-51, Horiba Ltd. Kyoto, Japan). The pH, DO, and ORP electrodes were again verified at the end of the monitoring campaign using the same standard solutions. The pH and DO electrodes showed no change over the duration of the study period; however, the ORP electrode readings at the start showed lower values (i.e., -4, -14, -18 mV) than those at the end of the monitoring campaigns (i.e., -14, -18, -22 mV). Therefore, given the known oxidationreduction potential value of the ORP standard solution, the accuracy of the multi-probe for ORP was ±22 mV.
Measured ORP values were converted into measured Eh values using the equation:
where Eh denotes the ORP value measured using a hydrogen electrode normalized to the reference electrode, measured ORP using Ag/AgCl (in 3.33 mol/L KCl) as the reference electrode (model W-22XD, Horiba Ltd. Kyoto, Japan), and t from the measured water temperature. Groundwater was sampled from the piezometer on 25 August 2012, 30 September 2012, and 31 October 2012. Prior to groundwater sampling, standing water within the piezometer was removed. Groundwater samples were then collected by slowly lowering a dedicated and pre-cleaned PVC bailer (model DIK-687A, Daiki Rika Kogyo Co. Ltd., Saitama, Japan). Water samples were collected over a period of 1 h: First, water samples for alkalinity measurements were collected in 100 mL polyethylene bottles and unfiltered splits were sent to the laboratory for testing. Next, filtered (model DISMIC-25 HP , 0.2 lm pore size polytetrafluoroethylene (PTFE) filter; Advantech Toyo Kaisha, Ltd., Tokyo, Japan) splits were taken for field measurements of sulfide ion (S 2-) and for laboratory measurements of cations and anions. Subsamples of the filtered waters were acidified to pH \2 using ultrapure nitric acid, and were then used for the analysis of P, Fe, Mn, Si, and Sr in 100 mL polyethylene bottles. Nonacidified splits were retained in 100 mL polyethylene bottles for cation (Na -. The error in charge balance between cations and anions was less than ±3 % for all samples. Charge balance for groundwater samples was calculated using the aqueous speciation code from PHREEQC (Parkhurst and Appelo 2013) and its default thermodynamics database (phreeqc.dat). Saturation indices (SI = log [ion activity product/solubility product]) and the activities of groundwater samples were also calculated using PHREEQC (Parkhurst and Appelo 2013) and the thermodynamics database (phreeqc.dat). 
Results
In situ temperature, pH, DO, and measured Eh
Over the three monitoring campaigns, in situ groundwater measurements for temperature (12.1, 12.0, and 12.1°C, respectively), pH (6.64, 6.63, and 6.68, respectively), and DO (always 0.0 mg/L) remained stable (Table 1 ) and indicated strict anoxic conditions (Bradley et al. 2008) . The in situ measured Eh values also remained very stable (-163, -169 and -173 mV, respectively), and reflected the reducing conditions during each of the three monitoring periods. For each measurement period, the 1-month continuously measured Eh values decreased from approximately ?50 to -150 mV between days 0 and 10 ( Fig. 3) as a result of the slow response of the electrode (Degueldre et al. 1999) , which is consistent with the observations of other studies (Grenthe et al. 1992; Auqué et al. 2008 ).
Groundwater quality
The sampled groundwater from the piezometer was classified as Na-Fe-HCO 3 type (i.e., sodium-iron-bicarbonate type) water (Table 2 ). The dominant cation was Fe, which always exceeded 40 mg/L. Sulfide concentrations were not detected. The groundwater quality was almost stable during the three periods of monitoring.
The SI values for Fe minerals at given in situ conditions (i.e., measured temperature, pH, and Eh values; Table 3) can be used to describe the effects of solubility state on solute concentrations. The SI values calculated for Fe(OH) 3 , goethite, and hematite were approximately -4.6, 0.8, and 3.5, respectively. Therefore, Fe(OH) 3 was undersaturated, while goethite and hematite were oversaturated.
Discussion
To interpret the results, the measured Eh values were plotted against those calculated using heterogeneous reactions of Fe(III)-oxyhydroxide (Fig. 4) . The HS -/SO 4 2-couple was not calculated for this comparison because sulfides were not detected. To calculate Eh using heterogeneous reactions, the following reactions were considered at 12°C:
where Fe(OH) 3 denotes Fe(III)-oxyhydroxide and x depends on mineral stoichiometry (x = 3 for ferrihydrite, and x = 2 for goethite). The calculated Eh for each reaction ignores activity coefficients, using
where
where R, T, and F are the gas constant (=8.3143 J/mol/K), temperature, and Faraday constant (=96,485 coulombs/ mol), respectively; E 0 is the standard half-cell potential for the reaction Fe 2? = Fe 3? ? e -(=0.755 V at 12°C); [Fe 2? ] is the molarity of Fe 2? ; and K * is the equilibrium constant of the reaction (Grenthe et al. 1992; Arthur et al. 2006) :
The minerals considered were ferrihydrite, which precipitate from rapid hydrolysis of Fe(III) or the oxidation of Fe(II), and goethite, which is the most abundant Fe(III)-oxyhydroxide in cool climates (Langmuir 1997) . The log K * of ferrihydrite (log K * = 4.00) was evaluated for an in situ temperature of 12.0°C using the Rxn program Geochemist's Workbench version 9.09 (Bethke and Yeakel 2011) with the thermo_minteq thermodynamic database. The log K * of goethite and hematite used for calculation of SI values (log K * = -0.516 and -2.977) was evaluated for an in situ temperature of 12.0°C using the Rxn program Geochemist's Workbench version 9.09 (Bethke and Yeakel 2011) with the thermo_phreeqc thermodynamic database. Particle size affects the goethite solubility (Langmuir 1997) ; therefore, the log K * of coarsegrained goethite was corrected using the data (Table 4 ) and the Van't Hoff equation (Zhu and Anderson 2002) . The in situ temperature log K * of fine-grained goethite was calculated using (Stumm and Morgan 1996) :
where c s and S are the interfacial energy (=1.2552 J/m 2 ) (Langmuir 1997) and surface area of a mol of the solid (=13500 m 2 /mol), respectively (Langmuir 1997) . The log K * (S=0) represents the in situ temperature log K * of coarsegrained goethite. These results for log K * were -1.65 for coarse-grained goethite and 0.42 for fine-grained goethite.
The log K * (=-0.516) for goethite used for calculation of SI value is between that for coarse-grained goethite and for fine-grained goethite.
The lines created from Eq. 3 all had the same Nernstian slopes and were offset by an amount determined by the log K * values selected for ferrihydrite, fine-grained goethite, goethite or coarse-grained goethite (Fig. 4) . The measured Eh values from each of the three monitoring periods plotted near the fine-grained goethite line. These results suggest that the Eh of shallow groundwater (\10 m) in Aomori City, northern Japan, is related to heterogeneous reactions involving fine-grained goethite.
Conclusion
In this study, we monitored the Eh values of groundwater in a shallow Holocene aquifer (\10 m) using 1-month continuous in situ potentiometric measurements. The results of this study showed that the in situ measured Eh values were -163, -169, and -173 mV, respectively, for three monitoring campaigns. The good fit between the measured Eh values and the calculated Eh values suggests that the Fe redox system is related to the Eh values in the shallow groundwater (\10 m) of Aomori City. In future, n/m no measurement, n/d not detected Data used to calculate in situ log K * for coarse-grained goethite (Stumm and Morgan 1996; Langmuir 1997 ) Appl Water Sci (2017 continuous in situ Eh monitoring, as an indicator of groundwater quality, would be applicable to other cold and snowy regions (e.g., Akita City and Yamagata City) where aquifer thermal storage is planned.
